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ABSTRACT 
Energetics of Insect M etamorphosis
by
Allison Brighton Merkey
Dr. Allen G. Gibbs, Examination Committee Chair 
Associate Professor o f Life Sciences 
University o f Nevada, Las Vegas
During metamorphosis. Drosophila melanogaster pupae undergo a transformation which
rearranges almost all larval tissues into an adult fly. During this time, it is surprising that
pupae exhibit a U-shaped curve for metabolic rate, where metabolism decreases
dramatically after pupariation and increases shortly before eclosion. Using temperature to
offset the cost o f development during metamorphosis, I demonstrate that the total energy
cost for metamorphosis depends on temperature and associated differences in
developmental time. Pupae tended to consume more triglycerides over the course of
development at low and high temperatures. Changes in oxygen level did not affect the U-
shaped curve of carbon dioxide production during metamorphosis. Also, pupae did not
accumulate lactate under normoxic conditions, although they are capable o f anaerobic
metabolism. Thus, oxygen limitation is not the cause of the U-shaped metabolic pattern. I
observed that citrate synthase activity changes in a similar U-shaped pattern as metabolic
rate. This indicates that the U-shaped metabolic curve is the result o f changes in
metabolically active tissue during metamorphosis.
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CHAPTER 1 
INTRODUCTION
Holometabolous insects undergo a complete metamorphosis in order to become an 
adult. During metamorphosis, the larval muscles, alimentary canal and epidermal tissues 
undergo histolysis, while imaginai cells differentiate and develop into adult structures and 
adult development occurs.
Holometabolous insects are a unique group of organisms in which to study energetics. 
The egg, larva, pupa, and adult all have different energy requirements and metabolic 
output (Chirumamilla et al. 2008). The energy necessary to undergo metamorphosis is 
derived from fixed internal stores acquired during the larval feeding stages 
(Wigglesworth 1954). Because the pupa is totally encapsulated and non-feeding, 
exchanging only gas, water and heat with the environment (Wigglesworth 1954), energy 
utilization can be assessed without taking into account the accumulation o f new energy 
supplies.
Because o f the extraordinary restructuring that occurs during metamorphosis, it may 
seem intuitive that metabolic rates must increase to support such a high energy demand. 
However, as shown by this thesis as well as several other investigators using Manduca 
sexta, Tenebrio molitor (Odell 1998) and Drosophila melanogaster (Wolsky 1941) as 
experimental models, metabolic rates actually decrease in the beginning of
metamorphosis and increase in the end, showing a U-shaped curve during 
metamorphosis. These data suggest that there is not a high energy demand during this 
period.
By measuring oxygen consumption of D. melanogaster pupae, it was shown that 
metabolic rates are U-shaped during metamorphosis (Wolsky 1941). It was hypothesized 
that this was due to the differences in the amount o f the Warburg-Keilin system 
(mitochondria) of respiratory enzymes. This suggests that part of the mitochondrial 
respiratory system is first destroyed (possibly during histolysis) and subsequently rebuilt 
during the second half of metamorphosis (Sacktor 1951). 1 explored this U-shaped curve 
in terms of developmental and biochemical changes during metamorphosis to determine 
the underlying causes o f the metabolic rate changes during this period.
This thesis contains two experimental chapters where 1 examine the metabolic 
depression during metamorphosis and confirm Wolsky’s (1941) results which showed 
that metabolic rates are U-shaped during metamorphosis for D. melanogaster at 25°C. In 
addition to measuring metabolic rates at 25°C, 1 also measure metabolic rates when pupae 
undergo metamorphosis at different incubation temperatures. 1 also measure the amount 
of macronutrients utilized during metamorphosis for pupae at standard 25°C as well as 
pupae that have undergone a shift in temperature. From these data 1 developed an energy 
budget. In Chapter 3,1 examine why metabolic rates go down during metamorphosis 
from a cellular standpoint. The first hypothesis 1 explore is that pupae are limited by the 
amount o f oxygen available, which may cause anaerobic metabolism. The second 
hypothesis was that the U-shaped metabolic curve relates to changes in metabolically 
active tissues.
More specifically, I will answer whether changing oxygen levels changes the 
metabolic rates of pupae, whether pupae accumulate lactate (a metabolic end product of 
anaerobic respiration) during metamorphosis, and whether the activity o f the 
tricarboxylic acid (TCA) cycle enzyme, citrate synthase, changes during metamorphosis. 
Citrate synthase activity is an indicator of mitochondrial numbers and therefore provides 
a good estimate o f metabolically active tissues (Wiegand and Remington 1986).
Before describing my experiments, I will outline the development o f D. 
melanogaster, including the endocrinology involved in development. Because this thesis 
explores metabolism during metamorphosis, this information will set the stage for the 
following experiments by describing how development may relate to the metabolism of 
the pupa.
Drosophila Development
The Larval Stage
The energetic expenditure o f the pupa is limited by the energy accumulated during 
the larval period. During the larval period, the animal is mobile and feeding continuously. 
Each o f the 3 larval instars is defined by the shedding of the cuticle. At 25 °C, the first 
larval molt is at 49 hours after egg lay (AEL) and the second at 72 hours AEL. During the 
middle o f the third instar, approximately 96 hours AEL, there is a marked behavioral 
change when the larvae leave the food and begin to wander (Ashburner and Novitski 
1976). It can be noted that time during development varies due to environmental 
conditions and variation in growth rate (Ashburner and Novitski 1976). About 10 hours 
before pupariation there is a minor increase in ecdysteroids (Warren 2006).
Approximately 120 hours AEL marks the formation of the puparium. The outer epithelial 
layer o f the larva will later harden and surround the developing pupa. For the first 12 
hours, the larval is known as a prepupa. In the first hour of this period the prepupa is 
white, a so-called white prepupa (WPP), and will serve as a developmental marker 
throughout the experiments described in this thesis. 4-6 hours after puparium formation 
(APF), apolysis occurs which transforms the larva into a prepupa (Figure 1.1). Apolysis 
is the separation o f the cuticle from the epidermis.
1---------- 1------- —1--------- 1---------- 1---------- 1---------- 1---------- Î---------- 1--------
1 2  3 1 5 (> 7  S 9  d a y s
I  I s ! I  2 iu i ' 3 rd
i u s U i r  .  i n s U r  1 i n s t a r M etaiiior p lwixLs
Embryo Larva Prepupa Pupa Adult
Figure 1.1: The Drosophila life cycle.
The life stages and time to development at 25°C. Reproduced with permission from Carl 
Thummel, University of Utah.
The Pupal Stage (Metamorphosis)
Technically, pupal development begins 12 hours after puparium formation. In some 
reports, the white prepupal stage is taken to be the beginning of pupal development, 
although it is not considered a prepupa until after apolysis (4 to 6 hour). Head eversion 
(12 hours after puparium formation [APF]) marks the prepupal/pupal transition. 
Metamorphosis is the dramatic event that takes place to transform the larva into the adult 
fly. At 25 °C, metamorphosis lasts from -120 hours to approximately 216 hours AEL. 
Each pupal stage has been defined by morphological changes visible in the live animal
(Bainbridge and Bownes 1981). Figures 2.3-2.14 are photographs of the relevant stages 
used in this work.
P u p a l
S tage
T im e
(hrs)
M o rp h o lo g ica l C h an g es
P I 0-.5 W h ite  p u p a riu m
P2 1-3 B ro w n  p u p a riu m
P3 3-7 O p ercu lu m  rid g e  d is tin c t
P 4 i 6 .5 -13 .5 B u b b le  d isp laces  p u p a  
an te rio rly
P 4 ii 12-13.5 Im ag in a i h ead  sac  ev erted
P 5i 12.5-13.5 W h ite  m a lp h ig ian  tu b u le s
P 5 ii 13-48 G reen  m a lp h ig ian  tu b u le s
P6 25-46 A p p earan ce  o f  y e llo w  
body
P7 43-47 Y e llo w  eye  cup  at 
p e rim e te r
P8 49-57 Y e llo w  eyes
P9 71-78 A m b er eyes
PIO R ed  eyes
P i l l 72 .5 -77 H ead  b ris tles  ap p ea r
P l l i i T h o rac ic  b ris tles  ap p ea r
P I 2 i 73-97 W in g  tip s  g rey
P12Ü 75-86 W in g s g rey
P13 W ings b lack
P 14 87-103 G reen  m eco n iu m  ap p ears  
d o rsa lly
a t tip  o f  ab d o m en
P I 5 i 90-103 L egs tw itch in g , o p en in g  
o p e rcu lu m
P I 5Ü 90-105 ec lo s io n
Table 1.1: Pupal stages.
In pupal stages Pl-P4i the animal is considered a prepupa. These morphological changes 
that occur during pupal life are used as markers to stage pupae and will be referred to in
the experimental design, Figure 2.2, and pupal images 2.3-2.14. Adapted from 
Ashburner, 1989 with permission from the Company of Biologists.
Tissue and Organ Metamorphosis
The Tracheal System
Tracheae are respiratory tubules that deliver air to every cell of the body. The 
Drosophila tracheal system changes dramatically during metamorphosis and because of 
this, metabolic aspects o f metamorphosis might be affected by the remodeling of the 
tracheal system.
The larval, pupal, and adult tracheal systems differ from each other in tubule location, 
structure and spiracular use. The larval tracheal system has ten tracheal segments and ten 
primordial spiracles. Spiracles are the external tracheal apertures, which are repeated 
segmentally on either side of the thorax and abdomen and allow internal oxygen diffusion 
for respiration. During the third larval instar, only the first and tenth pair o f spiracles are 
functional (Whitten 1957).
There are two longitudinal bilateral tracheae running from the anterior to the posterior 
o f the larva. These tracheae divide into two separate tracheal tubes, one on the dorsal side 
and one on the ventral side. Between these two branches, there are transverse tubules 
connecting both the dorsal and ventral branches to each other (Figure 1.2). At different 
stages o f the life cycle, however, as the needs o f the animal change so does the layout of 
this respiratory system. As a larva, this means a somewhat homogeneous oxygen delivery 
to the peripheral tissues and to the central nervous system.
The pupal tracheal system has tubule locations similar to the larval tracheal system 
but varies structurally because the pupa has now developed a head, abdomen and thorax. 
Figure 1.2 shows that during pupal life, the animal must support these 3 distinct segments 
all with varying degrees o f oxygen delivery capacity. The major branches o f the 
functional pupal tracheal system are formed around those o f the anterior 5 larval tracheal 
segments. The pupal tracheal branches that tracheate the adult organs within the abdomen 
arise as new outgrowths of the tracheal epithelium. The pro-thoracic trachea includes the 
dorsal anastamosis which develops as an évagination of the tracheal epithelium (Whitten 
1957).
The pupa’s only functional spiracles are the first thoracic spiracles (Whitten 1957). 
With the corresponding tracheal tubes, these spiracles develop as évaginations of the 
epithelium (Whitten 1957). This set of spiracles are the sole functional spiracles for the 
pupa when the larval tracheae are withdrawn at the time of head eversion.
The most notable difference between the pupal and larval tracheal systems is in the 
abdomen where, on the posterior end there is no segmental arrangement in the pupa. 
Instead, this region is tracheated by branches o f abdominal trachea.
The adult tracheal system again is different from the pupal tracheal system. The adult 
fly contains air sacs and does not have the 10* and last tracheal segment. It also does not 
have functional 10* spiracles. However, all of the remaining spiracles are functional in 
the adult.
DAVent) TSI
Dorsal
Trunk
Sin
Larva Pupa
S9
Adult
Figure 1.2: Larval, pupal and adult tracheal system.
Schematic of the differences of the tracheal system at each life cycle stage: SI Spiracle 1; 
SIO, Spiracle 10, TSI Thoracic Spiracle 1, DA Dorsal Anastamosis, S9 Spiracle 9 (there 
is no 10**' spiracle or tracheal segment in the adult). (Adapted with permission. Quarterly 
Journal of Microscopic Science, Whitten, 1957)
Histolysis
The histolysis of the larval muscles and the formation of the new adult muscles take 
place during pupal development (Table 1.2, 1.4). Although all the larval muscles are 
apparently histolyzed, it has been found that the time of their destruction varies in 
different regions of the body and for different kinds o f muscles involved. This is because
certain larval muscles are used relatively late in pupal development to carry out specific 
fimctions at a time when other larval muscles are already in an advanced state of 
degeneration.
In general, histolysis during metamorphosis occurs for the first 24 hours. It takes most 
of this period for larval abdominal muscle histolysis to become complete. The anterior 
larval muscles and larval midgut degenerate within the first 6 hours. At 15 hours the 
larval salivary glands are gone. All muscles in the four anterior segments o f the larva are 
fragmented at 7 hours APF and the three pairs o f the dorsothoracic muscles are dissolved 
by this time. Lastly, the dilator muscles have degenerated 18 hours APF (Table 1.2).
Histolysis During Metamorphosis
Abdominal muscle histolysis (0-24hr) (Currie and Bate 1991)
Anterior larval muscles and larval midgut degenerate (0-6hr) (Jiang et al. 1997)
Abdominal muscles and larval salivary glands histolyse shortly after pupation (12hr) (Jiang et al. 1997)
Lai~val salivary glands gone, adult structure remains (15hr) (Jiang et al. 1997)
All muscles in the four anterior segments are fragmented 7 hours after puparium formation. (Demerec
1994)
The three pairs o f dorsothoracic muscles dissolved 6 hours after pupation. (Demerec 1994)
Dilator muscles degenerate slowly after head évagination at pupation (gone after 18 hours after puparium 
formation) (Demerec 1994)_____________________________________________________________________
Table 1.2: Histolysis of tissues during metamorphosis.
All times are given after puparium formation (APF).
Imaginai Discs
One o f the fimdamental events in metamorphosis is the replacement o f the larval 
tissue by imaginai tissues (Poodry 1980). Imaginai discs are the invaginations o f epithelia 
that exist during the larval period as small groups o f diploid cells. These groups of cells 
develop during metamorphosis into some adult structures and some o f the major
structural components o f the adult fly. The imaginai discs are: clypeolabral (derives the 
adult labrum), labial, eye -  antennal (derives the adult eye and antenna), genital, haltere 
(the haltere is a balancing organ of the third thoracic segment), leg, and wing. These 
discs in the larva as well as the adult structure that is formed from these cells are shown 
in Figure 1.3.
CLVPEO* LABRUM 
HUMERUS
EVE ■ ANTENNA 
WING - THORAX 
FIRST LEG 
SECOND LEG
THIRD LEG
ABDOMEN
/
GENTAL
APPARATUS
Figure 1.3: Imaginai discs and the corresponding adult organ.
Most adult organs are formed by an imaginai disc. The disc locations in the larva (left) 
show where the disc is relative to other discs and the adult organ (right) is what the disc 
will ultimately become after proliferation and differentiation during the larval and pupal 
phases. With kind permission of Springer Science+Business Media, Nothinger, 1972.
10
The times at which imaginai discs proliferate and develop might be indicative o f the 
energetic changes that occur during metamorphosis and are therefore included in Table 
1.3.
Disc Time (APF) Development o f Disc
clypeolabral Larval period Bud forms integral part o f  the epithelium lining the roof o f  the 
atrium (Younossi-Hartenstein et al. 1993)
Eye-antermal 11-12 hrs 
72-108 hrs
The eye and antennal discs evaginate (Demerec 1994) 
Eye disc is organized into units (Steinberg, 1943)
genital 20 hours 
0-100
36 hrs
Egg tubes recognized in dissections (Demerec 1994)
The ovary grows considerably and changes its form, while at 
the same time its internal differentiation is completed.
The ovaries still only have oogonia, the first oocytes appear 
shortly before emergence (Kerkis 1933)
haltere Late larval period unknown
labial Late 3'‘‘ instar Labial discs evaginate from the lateral wall o f  the pharynx 
(Younossi-Hartenstein et al. 1993)
3 pairs o f  legs 16 hrs 
24 hrs
Leg disc begins to elongate after évagination (Demerec 1994) 
Segmentation is visible (Demerec 1994)
Histological differentiation will be completed days 3-4 
(Demerec 1994)
prothoracic Late larval period unknown
wing 20 hrs. 
48 hrs.
0-24 hrs.
Veins in wing are present (Demerec 1994)
Flattened wing has undergone a characteristic folding 
(Demerec 1994)
The imaginai wing discs proliferate extensively 
during the larval stages and the first 24 h o f  pupal 
development 
(Garcia-Bellido 1971)
Table 1.3 Imaginai disc development during metamorphosis.
All times are given in hours after puparium formation (APF).
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,w in g [ 1 ]
rabd
■wing [ 2 ]
ant
eye-on t
•eye
120
•PF-
ia
-Ü R  after oviposition|»Em l)ryo-*4-»^l.instar-^f«-2.instar-
Figure 1.4 Larval proliferation of imaginai discs.
The first 144 hours of the Drosophila life cycle. Most imaginai discs grow and proliferate 
steadily during the larval period. The abdominal histoblasts (abd), proliferate 
exponentially just after puparium formation (PF). With kind permission of Springer 
Science+Business Media, Nothinger, 1972.
Muscle Development during Metamorphosis
Another important contributor in development during metamorphosis from an 
energetic standpoint is muscle development. Some of the major muscle groups that are 
designed to sustain high levels o f mechanical energy during flight are the direct and 
indirect flight muscle (Dickinson and Tu 1997). Muscle tissue has a higher metabolic rate 
than other tissues so the building of these tissues might be assumed to contribute to an
12
differentiation occurs between 65 hours and 96 hours and it is notable that a p l5 i (90 hrs) 
pupa can be dissected from out o f  the pupal case and sustain normal development and 
adult behaviors (Ashburner et al. 2005).
Muscle Development during Metamorphosis
Muscle precursors are beginning to organize themselves on the adult epidermis (28hr) (Currie and Bate 
1991)
Dorsoventral flight muscles are small, occupying little o f  the thoracic volume (32 hr) (Barthmaier and 
Fyrberg 1995)
Indirect flight muscles formed (36 hr) (Fernandes,J. et al. 1991)
Dorsal longitudinal muscles have reached 1/3 their final size (36 hr) (Fernandes JJ and Keshishian 1998)
Pattern o f  adult abdominal muscles almost completed (41 hr) (Currie and Bate 1991)
d.v.f. muscles have elongated considerably , nearly filling the thorax (60 hr) (Barthmaier and Fyrberg
1995)______________________________________________________________________________________________
Pattern o f  adult abdominal muscles complete (65hr) (Currie and Bate 1991)
d.v.f. fibers fill the thorax (96 hr) (Barthmaier and Fyrberg 1995)
Table 1.4: M uscle development during metamorphosis. All times are given after 
puparium formation (APF).
The Fat Body
The fat body is an important organ for metamorphosis in D. melanogaster as well as 
other insects. It is important to make a distinction between the larval fat body and the 
adult fat body because their origins, locations and function are different. The larval and 
adult fat bodies are derived from two distinct groups o f cells (Hoshizaki 2005). I will 
refer to the larval fat body as it has a role in metamorphosis.
13.
Fat Body 
Tissue
Figure 1.5 The Drosophila fat body.
White Prepupa (0 hrs. APF). Larval fat cells are marked by GFP (green fluorescent 
protein). From Nelliot et al. 2006.
This tissue stores most energy in the form o f triglycerides, carbohydrates and storage 
proteins that are used during metamorphosis and early adult life (Aguila et al. 2007). 
During the life cycle o f D. melanogaster, the fat body switches from the production and 
secretion of storage proteins, which serve as a source o f polypeptides and amino acids for 
the re-architecture o f the animal into the adult form (Burmester and Scheller 1999, 
Haunerland 1996) to the reabsorption of these proteins from haemolymph. Early in 
metamorphosis the fat body undergoes a distinct transformation from an organized tissue
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to a loose association o f individual fat cells (Nelliot et al. 2006). After éclosion, the fat 
cells are used as a source of energy in the first day o f life (Aguila et al. 2007).
Endocrinology during Metamorphosis 
Tracheal development, imaginai disc growth, and fat body maturation are all 
influenced by endocrinological events that occur during the Drosophila life cycle. Two 
hormones, 20-hydroxy-ecdysone (20E) and juvenile hormone both have a profound 
impact on development and will be discussed in terms o f their effects on the development 
o f the larva and pupa.
20-hydroxy-ecdysone
Probably the most important o f these hormones is 20E. 20E governs developmental 
events throughout the Drosophila life cycle. Each larval molt is stimulated by 20E, and 
during the S"' and final instar there is a large titer which signals the onset o f pupariation. 
This titer is an approximately 7-fold elevation in the 20E hormone by 120 hr AEL, at 
which time ~50% of the larvae have undergone the transition to the white puparium stage 
(Ashburner and Novitski 1976).
Four to six hours after pupariation, ecdysone levels are very low which allows for 
apolysis o f the cuticle as well as imaginai and larval cells to secrete another cuticle. 
Twelve hours after pupariation a brief but substantial pulse o f ecdysone triggers head 
eversion from the thorax (Warren 2006). This marks the prepupa to pupa transition.
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Figure 1.6: 20E titers during the Drosophila life cycle.
There is a moderate titer of 20E at 5 days which causes puparium formation. There is a 
large titer at 154 hours, 22 hours after head eversion. Adapted from Riddiford 1993, with 
permission from Carl Thummel, University of Utah.
Juvenile Hormone
Juvenile Hormone (JH) is necessary for larval molting and for the prevention of 
metamorphosis. Without JH, the larval-pupal transition may occur prematurely (Sliter 
1986 from Bate and Martinez-Arias 1993). JH III is the predominant form o f the 
hormone while JH 0 ,1 and II are not present in large enough quantities to be detected in 
whole body extracts (Sliter et al. 1986). As long as there is enough JH III, 20E promotes 
larva-to-larva molts.When JH levels decline, 20E promotes pupation. JH levels are low
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during the third instar but high enough to prevent metamorphosis which is why 20E is 
necessary for the larva to undergo the larval-pupal transition. There are low JH levels in 
prepupae and the hormone is not detectable in the pupa (mid-metamorphosis). Very high 
levels appear at eclosion and will gradually decrease afterwards. Juvenile hormone and 
ecdysteroids probably interact in a complex way to regulate reproduction (Bownes and 
Rembold 1987).
The Energetics of Metamorphosis
The study that follows explores energetic changes that occur during metamorphosis. I 
examine the U-shaped metabolic curve of metamorphosis and ask how much energy it 
takes to metamorphose and what could explain the U-shaped curve from a cellular and 
metabolic standpoint. Examination of some of the specific developmental changes that 
occur during metamorphosis permits a more comprehensive understanding o f why this 
period during the life cycle of Drosophila melanogaster shows this unusual metabolic 
pattern.
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CHAPTER 2
METABOLISM DURING METAMORPHOSIS 
Introduction
From what is known about metamorphosis, one might predict that the transition from 
a larva to an adult requires a high metabolic rate in order to fuel the remodeling of the 
animal. As described in Chapter 1, metabolic rates actually decrease in the beginning and 
increase in the end o f metamorphosis in Drosophila melanogaster, Tenebrio molitor and 
Manduca sexta (Wolsky 1941; Odell 1998). In this chapter, I first confirm that metabolic 
rates during metamorphosis in D. melanogaster are U-shaped. I implement a novel 
approach to studying metabolic rates during metamorphosis by using temperature to alter 
the metabolic cost of metamorphosis. I measured metabolic rates of pupae undergoing 
metamorphosis at different temperatures and examined how temperature shifts affect 
development. I also assayed macronutrients to address what fuel sources are being 
utilized during metamorphosis. Last, I compiled an energy budget for metamorphosis at 
different temperatures.
As shown in Table 1.4, important events such as leg and wing morphogenesis, 
abdominal morphogenesis and flight muscle development all occur in the first 65 hours 
of metamorphosis. Based on the knowledge that all of these events occur with a limited 
supply o f energy gained from larval feeding, I conducted experiments to examine
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metabolic rates (carbon dioxide production) throughout metamorphosis to confirm that 
metabolic rates are U-shaped. As a basis for the following experiments, Figure 2.1 
depicts major energy sources and their metabolic fates.
Cell MembraneLipidProtein Carbohydrates
2 NAD+ 2 A T I '
2 .N A D U 2 ADI>
Cytosol
I D P
Pyruvate
Lactate
 .
Acetyl CoA
TCA Cycle
Mitochondria
CO,
Figure 2.1: General metabolism related to experiments.
This figure is used to provide the molecular basis for biochemical experiments in the 
following chapters. In chapter 2 ,1 measure: CO2 production (the output component
studied using respirometry) and protein, earbohydrate and fat content (macronutrient
assays). In chapter 3 ,1 test O2 limitations in low and high atmospheric oxygen and 
measure lactate concentrations (indicative o f anaerobic respiration) and citrate synthase
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activity (indicative o f aerobic capacity). TCA, tricarboxylic acid; ETC, electron transport 
chain.
In addition to measuring metabolic rates during metamorphosis at a standard D. 
melanogaster rearing temperature (25°C), I measured CO2 production at 18°C and 29°C, 
because o f the profound impact temperature has on metabolism. Most insects are 
considered to be true poikilotherms and do not thermoregulate. Instead, their body 
temperatures depend primarily on ambient temperature. Interestingly, higher 
temperatures strongly stimulate ectothermic metabolic rates, but they only slightly 
increase oxygen diffusion and actually decrease oxygen solubility (Frazier et al. 2001). 
Because temperature affects metabolism so profoundly, I hypothesized that when altering 
the temperature at which pupae undergo metamorphosis, I would alter the metabolic cost 
o f metamorphosis. I could also observe how pupae are affected by temperature from a 
developmental standpoint.
To test the hypothesis that the source o f energy for metamorphosis (protein, lipid, and 
carbohydrate) was the same at different temperatures, macronutrients were assayed for 
pupae that had undergone metamorphosis at all three temperatures. Combining the data 
gathered on carbon dioxide production and fuel utilization, I prepared an energy budget 
for metamorphosis, including a comparison between measured carbon dioxide output and 
theoretical carbon dioxide output based on macronutrient assays.
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Materials and Methods
Collection and timing o f pupae
Wild-type (Oregon-R) D. melanogaster (received from the A. Andres lab, University 
o f Nevada, Las Vegas) were raised at 25°C on a standard medium: corn meal-sucrose- 
yeast medium (8.8L H2 O, 375g commeal, 600g cane sugar, 135g agar, 250g yeast) 
supplemented with dry yeast. Animals were collected from bottles at the white prepupal 
stage. The white prepupal stage (WPP) is characterized by a motionless larva with a 
white puparium that has not undergone tanning. WPP were placed on moist filter paper 
(Whatman Cat No. 1442042, 42.5 mm circles) in Petri dishes (Falcon polystyrene tissue 
culture dish, 60x15 mm style) and incubated at 18°C, 25°C, or 29°C. Humidity was 
maintained by keeping dishes in plastic stackable boxes containing wet towels. The 
experimental design is outlined in Figure 2.2.
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Figure 2.2: Experimental design for experiments using tem perature shift.
Larvae were grown at 25°C, collected at the white prepupal stage and then incubated at 
18°C, 25°C, or 29°C.
Respirometry
CO2 production was measured using a Sable Systems TR-2 respirometer (Sable 
Systems, Las Vegas, NY). 5-10 pupae were placed in a glass respirometry chamber (1.8 
cm i.d. by 6 cm, volume: 15.3 cm^). Dry, COz-free air was pumped through the 
respirometry chamber. The air stream containing CO2 released by the pupae flowed into a 
CO2/H 2O analyzer (Li-6262; Li-Cor, Lincoln, NE). A flow rate o f 50.0 ml min“' was 
maintained with a mass-flow controller (Sable Systems, Las Vegas NV).
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The system was allowed to equilibrate for 30 minutes to achieve a baseline reading. 
Base-line data were recorded for 5 minutes before the addition of experimental animals 
into the respirometry chamber. CO2 release was recorded for 5-7 minutes for each group 
o f pupae.
Pupal Staging
The following photographs (Figures 2.3- 2.14) are representations o f pupal stage used 
to monitor the development o f the animals during metamorphosis at different 
temperatures (Figure 2.17). Stages are defined by Bainbridge and Bownes (1981) based 
on morphological changes in live animals visualized by light microscopy.
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Pupal staging
Spiracles
White puparium
Dorsal View
The larva is immobile. It has formed a white puparium and everted
Mouth hooks
Ventral View
its first pair o f spiracles. (0-.5hr)
WHITE PREPUPA (WPP)
Figure 2.3 White prepupa
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Thorax
Abdomen
Dorsal View Ventral View
Pupa just after head eversion. Striations along body become visible. A
head, thorax and abdomen are now distinguishable. (12.5-13.5 hrs.)
P5i
Figure 2.4: Pupal stage P5i
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Green
Malpighian
tubules
Dorsal View Ventral View
Green Malpighian tubules now visible. (13-48 hrs.)
P5Ü
Figure 2.5: Pupal stage PSii
26
^'c.lr-w h rd ’- — '
I
1 h ç  d a  r k  =:~L'c~j e  11 _ h o d v  v K i b i e  ( 2 5 - 4  h  h  r s . j
V eniral Viess:
Figure 2.6: Pupal stage P6
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Yellow bod)
Dorsal View
Yellow eye 
cups
__________
Ventral View
The yellow body has descended down the abdomen. The eye cups are 
yellow at the perimeter. (43-47 hrs.)_____________________________
P7
Figure 2.7: Pupal stage P7
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Yellow 
eyes
Yellow 
eyes
Yellow bi'd\
Dorsa View Ventral View
Eyes are yellow. Yellow body is visible between malpighian tubules. 
(49-57 hrs.)_________________________________________________
P8
Figure 2.8: Pupal stage P8
29
Amber eyes
Amber eyes
Dorsal View Ventral View
Amber eyes. (71-78 hrs.)
Figure 2.9: Pupal stage P9
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Red eyes
Green 
Malpighian 
tubules
Dorsal View Ventral View
Red eyes.
Figure 2.10: Pupal stage PIG
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Macrochaetae
Gray wing
Dorsal View Ventral View
Dorsal thoracic micro- and macrochaetae become visible. Folded wing 
tips are gray. (72.5-77 hrs.)______________________________________
P ll
F ig u re  2 .11: P u p a l sta g e  P l l
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Bristles
Dorsal View Ventral View
Bristles on abdominal tergites visible. Wings gray. (73-86 hrs.)
P12
Figure 2.12: Pupal stage P12
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Dorsal View
Sex 
Combs
Ventral View
Tarsal bristles darken and claws become black.
P13
Figure 2.13: Pupal stage P13
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Green meconium
Dorsal View Ventral View
Green Meconium is visible dorsally at posterior tip o f abdomen. 
The operculum has opened which allows air inside the puparium. 
(87-103 hrs.)_____________________________________________
P14
Figure 2.14: Pupal stage P14
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Macroutrients
Pairs of white pupae or newly eclosed adults were homogenized in 120 pL of lysis 
buffer (1.0% NP-40, 0.5% deoxycholic acid, 0.1% Triton-X 100, 100 mM NaCl, 0.1 mM 
CaCli, 2 mM MgCli, pH 7.6) in a 1.6ml eppendorf tube. The homogenate was incubated 
at 70°C for 5 minutes to inactivate enzymes. The homogenate was centrifuged at 704g 
(3000 rpm) for 5 minutes in an Eppendorf Centrifuge (model 5810R), and the supernatant 
was collected into 1.5 ml eppendorf tubes. The following two assays were used to 
determine macronutrient content from these homogenates:
Protein Assay
For protein, we used a bicinchoninic acid assay (Brown et al. 1989) (Sigma, BCA-1). 
Samples were diluted 12-fold (5 pi sample/55pl lysis buffer), and 8  pi was added to a 96 
well microplate in triplicate. A standard curve o f bovine serum albumin (Sigma, CAS # 
9048-46-8, A9418); between 0 and 2.8 pg o f protein per standard) was used to quantify 
sample amounts. The reaction mixture contained 200 pi o f dye mixture (1 part 4% CUSO4 
+ 49 parts Bicinchoninic acid (Sigma, B9643) and the diluted supernatant. Plates were 
incubated overnight at 25 °C and read at 562 nm on a Molecular Devices SpectraMax Plus 
384 microplate spectrophotometer.
Biochemical Basis o f Assay:
Protein + Cu ^  Cu
C u^ '+ B C A  ----►b C A -C u "' Complex
Formation of purple complex with EGA (bicinchoninic acid) and cuprous ion generated from
thp  h iiirp t rpap.tinn
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Glycogen Assay
A 2-fold dilution o f homogenate was used. 10 pi amyloglucosidase (CAS # 9032-08- 
0) (8 mg/10 ml deionized water) was added to each 10 pi sample and allowed to incubate 
overnight at 25 °C. On the second day, 200 pi of glucose reagent (Infinity" Hexokinase 
Pointe Scieritific, G7517-500) was added to each well. Plates were incubated for 10 
minutes at 37°C and read at 340 nm on a Molecular Devices microplate 
spectrophotometer. A standard curve o f glycogen (between 0 and 0.30 mg/ml of 
glycogen) (Sigma, CAS # 9005-79-2, G 1767) was used to quantify sample amounts.
Biochemical Basis o f Assay:
Infinity Glucose Reagent is a coupled hexokinase and glucose-6-phosphate 
dehydrogenase endpoint reaction that produces NADH in equimolar proportion to 
glucose. After overnight incubation at 25°C in the reaction mix, glycogen and trehalose 
are converted to glucose, and total glucose concentration is measured. The Infinity™ 
Glucose Hexokinase reagent is based on this reference method.
The series o f reactions involved in the assay system is as follows:
1. Hexokinase catalyses the phosphorylation o f glucose by ATP, producing ADP and 
glucose-6-phosphate.
2. Glucose-6-phosphate is oxidized to 6-phosphogluconate with the reduction 
of NAD+ to NADH by glucose-6-phosphate dehydrogenase.
The amount o f NADH formed is proportional to the concentration o f glucose in the 
sample and can be measured by the increase in absorbance at 340 nm.
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Triglyceride Assay
White prepupae and newly-eclosed adults were dried overnight at 55°C. An initial dry 
weight of all prepupae and adults was taken using a microbalance (Cahn model C-30). 
Animals were then placed into tightly sealed individual glass vials containing 
approximately 1 ml of ether and left for 48 hours. Ether dissolves fats, oils, pigments and 
other fat soluble substances. Prepupae and adults were dried overnight at 50°C. Final dry 
weights were measured using the same microbalance. Final weights were subtracted from 
the initial weight o f the same individual to calculate lipid content.
Basis o f Assay:
Dry weight o f white prepupa = Aj mg
Dry weight o f white prepupae after ether extraction for 48 hours = A: mg 
Ai -  A2 = total triglyceride present at the white prepupal stage.
Dry weight o f newly eclosed adult = Bi mg
Dry weight of newly eclosed adult after ether extraction for 48 hours = B 2 mg 
Bi -  B2 = total triglyceride present at newly eclosed stage.
Statistical Analysis:
Differences in lipid, glycogen, and protein contents during the different development 
stages were inferred using a nonparametric one-way analysis of variance (ANOVA).
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Results
Metabolic Rates during Metamorphosis
In this experiment, I confirm that metabolic rates during metamorphosis are U- 
shaped. In most biological systems, when temperatures are raised, metabolic rates 
increase and when temperatures drop, metabolic rates decrease. Because o f this, I 
hypothesized that altering the temperature at which pupae undergo metamorphosis would 
affect the U-shaped curve. I allowed larvae to hatch and grow at 25°C, then switched 
their incubation temperature at the white prepupal stage and allowed pupae to undergo 
metamorphosis at 25°C, 18°C, or 29°C (Figure 2.2). In this way I could isolate the 
metabolic cost o f metamorphosis for these three temperatures.
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Figure 2.15: Metabolic rates are U-shaped during metamorphosis.
Carbon dioxide output was measured during metamorphosis for animals at 29°C 
(triangles), 25°C (squares) and 18°C (circles). Broken lines represent change in CO2 
release from the last recorded pupal metabolic rates (either p l4  or p l5) to the newly- 
eclosed adults. All groups o f animals showed the U-shaped metabolic curve, but the time 
to develop is significantly altered. 0 hours is the white prepupal stage.
The change in temperature did not affect the general shape o f the metabolic curve nor 
the trough. It did, however, affect the height of the curve and developmental time. At all 
three temperatures, the trough o f the U-shaped curve is consistently 0.7 - 0.8 pL 
COz/hr/pupa. At 18°C, time to develop was significantly increased to almost twice the
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length o f time it takes pupae to develop at 25 °C, and at 29°C, developmental time was 
decreased by approximately 8 hours relative to pupae at 25°C.
So, although temperature may have been thought to be able to alter metabolic rates 
during metamorphosis, the U-shape is still present with the most notable differences in 
the time it takes to complete metamorphosis.
It is well known that temperature is inversely correlated with length o f development. I 
wanted to test whether temperature has a differential or proportional affect on pupal 
development. The hypothesis for this experiment is that the temperature at which pupae 
undergo metamorphosis has an equal effect on all developmental stages of 
metamorphosis. In other words, the time it takes to develop at each stage at one 
temperature is proportional to the time it takes to develop at each stage at a different 
temperature. In contrast, pupal development might be stalled or hastened at a particular 
stage during development when temperature changes (differential effects). To illustrate 
two possible scenarios, a simplified developmental profile is shown in 2.16a and 2.16b.
41
Proportional Effects of Temperature on D evelopm ent
18"C
25'C
29"C
PI P2 E
PI P2 E
PI P2 E
Time
Differential Effects of Tem perature on D evelopm ent
Figure 2.16. Alternative models for the effects of temperature on development.
This model uses a simplified 2-stage (PI and P2) metamorphosis for illustration. In the 
more complicated 15-stage metamorphosis of Drosophila, a mixture o f these models is 
possible.
A. Under the proportional effects model, both stages are lengthened or shortened by 
temperature by the same relative amount.
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B. Stage PI is unaffected by temperature, but stage P2 is. Thus, stages are differentially 
affected.
Effects o f Temperature on Development
To determine whether or not the rate of development changed when we changed the 
temperature at which pupae underwent metamorphosis, I staged pupae at different time 
points (24, 48, 72, 96, 120, 144 and 168 hours APF) during metamorphosis. Because 
these stages are not instantaneous, assigning a single time point is an estimation of 
overall development. I quantified the number o f pupae in each group that were in a 
particular stage o f development (Appendix II).
In Figure 2.17, the X axis is percent development based on taking total hours to 
develop during metamorphosis for each temperature (29°C: 90 hrs; 25°C; 96 hrs; and 
18°C: 192 hrs) and scaled each one to represent 100 percent (differences in development 
time from Figure 2.15 to 2.17 are attributed to these being different cohorts o f flies, and 
slight differences in rearing conditions (food quality, incubator temperature, etc.). I then 
superimposed each o f the metabolic curves. The data show that pupae develop at the 
same relative rate despite changes in pupal environmental temperature.
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Figure 2.17: Proportional effects of temperature on development.
Carbon dioxide production for all three experimental groups. X axis: percent 
development that has occurred along each metabolic curve. 100% = 90 hrs at 29°C, 96 
hrs at 25°C and 192 hrs at 18°C.
White prepupae were collected and incubated at 18°C, 25°C, or 29°C. At 0% 
development, all pupae were at the white prepupal stage (WPP or PI). At 20% 
development most pupae were at P5, no matter what their developmental temperature. At 
40% development most pupae were at P6 or P7. At 60% development, most pupae were 
at P8, At 80% development most pupae were at P I2. At 100% development all pupae had 
eclosed. When comparing the metabolic curve of all 3 pupal groups (18°C, 25°C, and 
29 °C), the metabolic rates correspond to development stage.
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In order to determine the overall cost o f metamorphosis at these different 
temperatures, I created an energy budget. I asked the questions: What energy sources are 
pupae utilizing to complete metamorphosis? Does incubation temperature affect the 
source or quantity o f energy? I examined metabolic rates during metamorphosis and 
integrated the area underneath each curve to determine the total amount o f carbon dioxide 
produced during metamorphosis. At 18°C, pupae produced 222 pL CO2 , at 25°C, pupae 
produced 97 pL CO2 and at 29°C, pupae produced 129 pL CO2 . This shows that the 
metabolic cost o f metamorphosis is dependent upon temperature and that it was the least 
energetically costly for pupae to undergo metamorphosis at 25"C (Table 2.1).
There is very little known about macronutrient utilization during metamorphosis in 
D. melamgaster. The next set o f experiments was done to identify the major fuel source 
during metamorphosis and how the temperature at which pupae undergo metamorphosis 
affects macronutrient utilization.
Energy utilization during metamorphosis
Protein utilization was determined by subtracting the amount o f protein measured in 
newly eclosed adults from the amount present in the white prepupae (Figure 2.18). A 
small amount o f protein, between 11 and 18 pg, were consumed during metamorphosis 
(Table 2.1). There were no statistical differences between protein content o f newly 
eclosed adults that underwent metamorphosis at 18°C, 25°C, or 29°C. The only statistical 
difference was between the white prepupal protein content and that o f adults that 
underwent metamorphosis at 29°C, suggesting that perhaps pupae incubated at higher
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temperatures require a slightly larger amount of protein to metamorphose. These results 
do not take into account any protein turnover.
Protein Content
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Figure 2.18 Protein content of white prepupae and newly eclosed adults.
Pupae underwent metamorphosis at each of the three different temperatures. Comparing 
the newly eclosed adult amount to the amount at the white prepupal stage, a small 
amount o f protein (11-18 pg/pupa) was depleted during metamorphosis with no 
significant differences between newly-eclosed adults reared at different temperatures. 
WPP 106 +/- 5.2 pg (standard error); NE 18°C 95.5 +/- 4.0 pg; NE 25°C 92.9 +/- 4.3 pg; 
NE 29°C 88 +/- 4.8 pg.
Glycogen was also assayed for white prepupae and newly eclosed adults. (Figure 
2.19). For pupae incubated at 18°C or 25°C, 5 pg o f glycogen were consumed. At 29°C, 9 
pg of glycogen was consumed. There were no statistical differences between glycogen
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content of newly eclosed adults that underwent metamorphosis at 18°C, 25°C or 29°C. 
The only statistical difference was between the white prepupal glycogen content and that 
o f adults that underwent metamorphosis at 29°C suggesting that pupae at higher 
temperatures require a slightly larger amount o f glycogen to metamorphose. These results 
do not take into account any de novo synthesis of glycogen that has been described 
previously (Tomalsky et al. 2001).
Glycogen Content
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Figure 2.19: Glycogen content for white prepupae and newly eclosed adults.
Glycogen was measured in animals at the white prepupal stage, and in newly eclosed 
adults that had undergone metamorphosis at each o f the three different temperatures. 
WPP 32 +/- 2.8 ng (standard error); NE18°C 27 +/- 1.8 ng; NE25°C 26 +/- 1.4 ng; 
NE29°C 23 +/- 2.3 pg.
47
Last, triglyceride levels were assayed for white prepupae and newly eclosed adults. 
(Figure 2.20). The triglyceride content of all newly eclosed adult flies was statistically 
different from the white prepupal triglyceride content. However, there were no statistical 
differences between NE 18°C triglyceride content and NE 29°C triglyceride content. 
Pupae that were incubated at 18°C and 29°C consumed about 80 pg o f triglyceride, while 
pupae incubated at 25°C consumed about 55 pg triglyceride. This result suggests that it 
takes more energy (from triglyceride) to metamorphose at either a lower temperature 
(18°C) or at a higher temperature (29°C). This suggests that 25°C may be the optimal 
temperature for metamorphosis. There is evidence that the triglyceride utilized during 
metamorphosis is from the larval fat body (Bodenstein 1950).
Triglyceride Content
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Figure 2.20. Triglyceride content for white prepupae and newly eclosed adults.
Triglyceride content was measured in white prepupae, and in newly eclosed adults that 
had pupated at each of the three different temperatures. In pupae that undergo
48
metamorphosis at 18“C or 29°C, approximately 80 pg o f triglyceride were consumed. 55 
pg of triglyceride was depleted at 25°C. WPP 155 +/-5.1 pg (standard error); NE18°C 75 
+M .2 pg; NE25°C 100 +/-5.1 pg; N E29T 79 +/-5.3 pg.
Energy budget for metamorphosis
From the respirometry data and the macronutrient assay data, 1 created an energy 
budget for metamorphosis for D. melamgaster (Table 2.1). I integrated the area under 
each of the 3 metabolic curves (Figure 2.15) to calculate the amount of carbon dioxide 
produced in our experimental trials. Using my macronutrient data, 1 calculated the 
theoretical amount of CO2 produced. To calculate the total energy needed to undergo 
metamorphosis, I converted macronutrient consumption to joules. 1 then determined the 
total energetic cost o f metamorphosis. Energy requirements (measured in joules) were 
lowest at an incubation temperature of 25°C (2.4 J) and higher for 18°C and 29°C (3.3 J 
and 3.4 J, respectively). With the exception of the measured CO2 for pupae undergoing 
metamorphosis at 18°C, energy requirements are consistent with the measured values of 
total CO2 production during metamorphosis. This confirms that it is less energetically 
costly to undergo metamorphosis at 25 °C.
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Energy Budget for Metamorphosis
Experimental Group
18 °C 25°C 29'C
Triglycerides (pg) 80 55 77
Glycogen (pg) 5 5 9
Protein (pg) 11 14 19
Theoretical CO2 
production (pL)
127 94 132
Measured CO2 
production (pL)
222 97 129
Energy Required to 
Complete 
Metamorphosis (J)
3.3 2.4 3.4
% J from Lipid 92 87 86
Table 2.1: Energy budget for metamorphosis.
For each of the temperature-shifted pupae (experimental design. Figure 2.2), I calculated 
the total amount o f each macronutrient utilized by subtracting the average amount present 
at the newly eclosed adult stage from the average amount as a white prepupa. From these 
numbers I calculated a theoretical amount of carbon dioxide produced using the 
equations:
(Total TG consumed) * 1.4 = Total CO2 production from TO; (Total Glycogen 
consumed) * 0.83 = Total CO2 production from Glycogen; (Total Protein consumed) * 
0.91 = Total CO2 production from Protein 
(Conversion factors are from Withers, 1992)
Total CO2 production from TG+ Glycogen+ Protein = Theoretical CO 2 produced.
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M acronutrient
(g)
Kilocalories/gram Joules/calorie
Triglyceride
Glycogen
Protein
X
9
4
4
X 4.184
Joules from Tg.
+Joules from Gly.
+Joules from Pro.
=Total Energy (J) 
from all 3 sources
Table 2.2 Total energetic expenditure for metamorphosis
I also calculated the percentage o f energy produced from triglyceride alone. For all 
three temperatures, between 86% and 92% of energy came from triglyceride, showing 
that triglyceride is the major fuel source for metamorphosis.
Discussion
Metabolic rates are U-shaped during metamorphosis for several different 
holometabolous insects including Drosophila melanogaster (Wolsky 1941); Manduca 
sexta and Tenebrio molitor (Odell 1998); blowflies. Phormia terraenovae, Phormia 
regina and Lucilia sericata (Taylor 1927); flesh flies, Sarcophaga sarracenioides (Taylor 
1927); the Mediterranean flour moth, Ephestia kuehniella (Taylor 1927); and the bee 
moth. Galleria mellonella (Taylor 1927; Schmolz et al. 1999).
In this chapter, I have confirmed that metabolic rates are U-shaped during 
metamorphosis for D. melanogaster pupae at 18°C, 25°C and 29°C. Altering temperature 
affects the energetic cost of metamorphosis with lower temperatures (18°C) increasing 
the duration o f metamorphosis, thereby increasing the metabolic cost o f metamorphosis. 
Higher temperatures (29°C), decrease the duration of metamorphosis and increase the 
metabolic cost o f metamorphosis because metabolic rates are much higher at the
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beginning and end of metamorphosis. Because of the energetic efficiency, I found that 
the optimal temperature for metamorphosis is 25°C.
I determined the developmental stage of the animals throughout metamorphosis every 
24 hours at all three temperatures and found that, although temperature does affect the 
length o f time pupae spend in this period, temperature affects development 
proportionately. Independent o f which temperature the pupa was subjected to, 
progression through each developmental stage took the same relative amount o f time.
For macronutrient utilization, pupae used mostly triglycerides during metamorphosis, 
as shown by the fact that over 86% of their energetic utilization is derived from 
triglyceride. Other studies have also examined lipid utilization during metamorphosis. In 
the Mediterranean fruitfly, Ceratitis capitata, lipids accumulate during the larval 
dispersal phase and the first 20 hours o f the prepupal stage. This lipid load coincides with 
the disintegration o f the larval fat body, as evidenced from histological sections o f pupal 
tissue (Tomalsky et al. 2001). Also in C. capitata, triglyceride levels decline slightly 
throughout the pupal stage and first half o f the pharate-adult stage, and drastically decline 
during late metamorphosis for a total triglyceride reduction o f about 300 pg lipid per 
organism (Nestel et al. 2003).
I showed that pupae use a relatively small amount o f protein during metamorphosis, 
between 11-18 pg. Stafford (1973) demonstrated that total protein content in Glossina 
morsitans pupae decreases over time, consistent with protein catabolism. There is a rapid 
fall in free amino acids from 6 to 2 pg/pupa during the first 5 days and the level remained 
constant thereafter (Stafford 1973).
52
Consistent with histolysis, acid proteinase activity increases during the first half of 
metamorphosis in C. capitata and declines toward the end (Nestel et al. 2003). However, 
in C. capitata, protein levels decrease during the prepupal stage, and protein levels 
recover toward the pharate-adult stage with the net gain o f protein being about 90 pg (late 
metamorphosis) (Nestel et al. 2003).
I showed that pupae use a relatively small amount o f glycogen during metamorphosis, 
between 5-9 pg. Across the literature, insects differ in carbohydrate content, utilization 
and even production o f glycogen during metamorphosis. In the bee-moth. Galleria 
mellonella, synthesis of sugar occurs during metamorphosis (Crescitelli and Taylor 
1935). It was suggested that during the early part o f pupal life this carbohydrate is 
derived from protein and then derived from fat during the latter part o f pupal life 
(Crescitelli and Taylor 1935). Consistent with this finding, in C. capitata, 40 hours after 
puparium formation, glycogen is synthesized de novo and accumulated up to adult 
ecdysis (Tomalsky et al. 2001). It was suggested that during the prepupal stage, as cells 
from imaginai discs continue proliferation to build the adult body, this probably requires 
the use o f this newly synthesized glycogen to provide energy (Tomalsky et al. 2001). The 
biosynthesis o f glycogen in vertebrates and yeast involves polymerization by glycogen 
synthase which gives rise to the synthesis o f unbranched amylose chains and eventually 
amylose glucan to form mature glycogen molecules (Tomalsky 2001). The progressive 
increase in de novo glycogen seems necessary to supply the new muscle and fat body 
reserves, since high levels of energy will be required to fly shortly after the adult has 
emerged from the pupal case (Tomalsky et al. 2001).
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The energy budget created in this chapter emphasizes many important findings. It is 
clear that the optimal temperature for metamorphosis is 25°C. Pupae at 25°C used 2.4 J of 
energy to complete metamorphosis which is -30%  less than that o f pupae at 18°C or 
29°C (3.3 J and 3.4 J, respectively). This is because at higher temperatures, metabolic 
rates are high in the beginning and end of metamorphosis causing a higher energetic 
requirement, even though development time is shortened. At lower temperatures, 
metabolic rates are lower but development time is doubled causing a higher energetic 
requirement. So, even though at lower temperatures metabolic rates are low per hour, it 
takes pupae much longer to develop and therefore more energy to sustain its prolonged 
development.
Energetic requirements for metamorphosis have been studied in other insects as well. 
Manduca sexta pupae, whose adults have a mass o f approximately 5 grams, require an 
average o f 5.4 kJ to complete metamorphosis (Odell 1998) and take about 18 days to 
complete metamorphosis, for an energetic cost for metamorphosis o f -1.08 J/mg. 
Tenebrio molitor pupae require 0.169 kJ to develop during a 24-day pupal period and 
have an adult mass o f 125.0 mg (-1.35 J/mg; Odell 1998). Considering the energy 
required to complete metamorphosis and time to metamorphose. Drosophila's energetic 
requirements for this period, 2.4 J, and adult weight, 1.0 mg (Bochdanovits et al 2003), 
the cost o f metamorphosis is similar in magnitude to that o f other insects.
I have now shown that metabolic rates are U-shaped during metamorphosis, shown 
the effects o f temperature on metabolic rates and created an energy budget for 
metamorphosis. The following chapter addresses why metabolic rates are U-shaped.
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CHAPTER 3
UNDERLYING CAUSES OF METABOLIC CHANGES OCURRING DURING
METAMORPHOSIS
Introduction
I set out to identify what causes the U-shaped metabolic curve during Drosophila 
metamorphosis. The following experiments were designed to determine whether the 
metabolic depression is a result o f oxygen limitation, which might elicit an anaerobic 
response to decreased levels o f oxygen, or if the U-shaped curve could be explained by 
changing levels of mitochondrial enzymes present through metamorphosis. 
Mitochondrial levels might fluctuate during metamorphosis because o f the initial 
histolysis occurring in the first 12 hours (Odell 1998, Wigglesworth 1939) (Table 1.4) 
and the growth o f imaginai discs (Table 1.5), as well as the significant amount o f muscle 
development during metamorphosis (Table 1.6).
My first hypothesis was that pupae are limited by oxygen and metabolic rates drop 
because o f this limitation. During metamorphosis the only functional spiracles are those 
o f the first thoracic segment (Whitten 1957). Furthermore, because Drosophila gain 
oxygen by diffusion and not respiratory organs that draw oxygen into their systems, its 
easy to imagine that perhaps pupae are limited by the amount o f oxygen available.
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Because the tracheal system undergoes dramatic changes during metamorphosis (Figure 
1.2), metabolism might decrease because o f a reduction in oxygen availability.
In insect respiration, the availability o f oxygen that enters across a respiratory surface 
depends on the concentration immediately outside the organism and on the efficiency of 
gas transport within (Prosser 1961). The assumption for this experiment is that if 
metabolic rates drop because the pupae are limited by oxygen, then increasing oxygen 
levels would allow pupae to maintain a higher metabolism and the U-shape in 
metabolism would be altered. To test my hypothesis, I measured pupal carbon dioxide 
production under hypoxic and hyperoxic conditions. Normoxic levels are approximately 
21%. If  oxygen is limiting we expect that an increase in oxygen levels will result in pupa 
with a higher rate o f metabolism, and conversely, lower oxygen levels should cause 
metabolic rates to drop even further.
To further test the hypothesis that pupae are limited by oxygen, I tested whether 
pupae are undergoing anaerobic respiration. The specific end products o f anaerobic 
metabolism differ among animal species, but many terrestrial insects including D. 
melanogaster produce lactate and alanine as anaerobic end products (Feala et al. 2007). 
So, in addition to testing how pupae respond to different oxygen levels, I tested for the 
presence o f lactate during metamorphosis under either normoxia or hypoxic conditions.
My second hypothesis for the cause o f the U-shaped metabolic curve was that the 
shape o f the curve is directly related to the fluctuation of mitochondrial numbers. 
Mitochondrial numbers are an indicator o f aerobic potential. I tested for aerobic 
metabolic potential by assaying citrate synthase activity. Citrate synthase, the first 
mitochondrial enzyme o f the tricarboxylic acid cycle (Figure 2.1), is commonly used as £
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quantitative enzyme marker for the presence of intact mitochondria (Holloszy et al.
1970, Williams et al. 1986, Hood et al. 1989), because it acts as a pace-making (limiting) 
enzyme in the first step o f the TCA cycle. Histolysis o f larval tissues might produce the 
initial decline in CO2 production by reducing the mass o f metabolically active tissue, and 
the increase at the end o f pupal development might result from an increasing mass of 
active tissues as the pupa matures (Odell 1998). To test this hypothesis, I measured citrate 
synthase at different time points throughout metamorphosis.
Materials and Methods
Low O 2/ high O2
Carbon dioxide production was measured as described in Chapter 2. 5-10 pupae were 
placed in a glass respirometry chamber and placed into a Sable Systems TR-2 
respirometer (Sable Systems, Las Vegas, NY). Dry, C02-ffee air, containing 5%, 21% or 
40% oxygen was pumped to a computer-controlled base-line unit (Sable Systems), and 
into the respirometry chamber. The air stream containing CO2 released by the pupae 
flowed into a CO2/H 2O analyzer (Li-6262; Li-Cor, Lincoln, NE). A flow rate o f 50.0 ml 
min“‘ was maintained with a mass-flow controller (Sierra). O2 concentration varied for 
each group: 5% O2 = 2.5 ml/ min’* O2 and 47.5 ml/ min"‘ N 2 ; 40% O2 = 20 ml/ min ' O2 
and 30 ml/ min*' N 2 ; 21% = room air.
Lactate Production
I used a Pointe Scientific lactate kit (Catalog #L759650). Groups o f pupae were 
exposed to 100% N 2 (0% O2) at 0, 24, 48 or 72 hours APF. Three treatments were given:
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0 ,2  or 8 hours for each time point. 2 pupae were homogenized after treatment in 100 pL 
7% perchloric acid and centrifuged at 7,826 g for 10 minutes. The supernatant was 
collected and neutralized with 15 pL o f 5 mM potassium bicarbonate. Again, samples 
were centrifuged at 7,826g for 10 minutes and the supernatant was collected. 20 pL 
samples were plated on a microwell plate. I added 150 pL reagent 1 (Lactate Oxidase 
[1,000 U/L]) and incubated the plate at 37°C for 5 minutes. I then added 100 pL reagent 2 
(Peroxidase [10,000 U/L]) and incubated the plate at 37°C for 10 minutes. Absorbance 
was read at 550 nm on a plate reader.
Biochemical Basis o f Assay:
Lactate Oxidase
Lactate + O, ---------------------------- ► Pyruvate + Hydrogen Peroxide
Peroxidase
Hydrogen Peroxide + TOOS + 4-AAP  ► Dye (550nm)
Lactate oxidase catalyzes the oxidation o f lactic acid to pyruvate and hydrogen 
peroxide. Peroxidase then catalyzes the reaction of hydrogen peroxide with a hydrogen 
donor, in the presence o f 4-aminophenazone, to form a dye. Color intensity, measured at 
550 nm, is proportional to the lactate concentration in the sample.
Citrate Synthase
5 pupae per sample were homogenized in 100 pi o f a buffer consisting o f 100 mM 
phosphate buffered saline (PBS, Invitrogen, cat. # L34951) and 2 mM ethylenediamine 
tetraacetate (EDTA), pH 7.3. Following centrifugation at 15,000 g at 4°C, the supernatant 
was collected and put in chilled 1ml eppendorf tubes.
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The reaction mixture contained: 100 pi 1 M Tris-HCl, pH 7.5, 10 pi 0.2 M EDTA, 10 
pi 0.01 M 5, 5'-dithiobis-(2-nitrobenzoic acid) (DTNB), 10 pi 0.02 M Acetyl-CoA, 10 pi 
0.05 M oxaloacetate and 830 pi H20.1 used a Shimadzu PharmaSpec UV-1700 UV- 
visible spectrophotometer in a temperature-controlled cell. CS activity was measured at 
25°C for 180 seconds immediately after a 30 pi sample was combined with the reaction 
mixture by monitoring the absorbance at 412 nm. The slope was calculated from the most 
linear data range (Appendix I).
Biochemical Basis o f Assay:
The activity o f the enzyme is measured by following the color of TNB (5-Thio-2- 
nitrobenzoic acid), which is generated from DTNB present in the reaction mixture, and 
caused by the deacetylation of Acetyl-CoA. The overall reaction product, TNB, absorbs 
at 412 nm.
Results
Effects of Hypoxia/Hyperoxia on Metabolic Rate
To test whether the U-shaped curve was due to a limitation in oxygen during 
metamorphosis, pupae were exposed to differing oxygen levels and metabolic rates (CO2 
production) were measured at 0, 24, 48 and 72 hours APF (Figure 3.1). Pupae in hypoxia 
had lower carbon dioxide production at 0 hours. Pupae in normoxic and hyperoxic 
conditions did not have any statistically significant differences in carbon dioxide 
production throughout metamorphosis. CO2 production under the three conditions was 
unaffected from 24 to 72 hours APF.
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Hypoxic (5% O2 ) 
Normoxic (21% O2  
Hyperoxic (40% O2
72
Pupal age (hours)
Figure 3.1: Pupae are not oxygen limited during metamorphosis.
Mean CO2 production and standard error for hypoxia: 0 hrs. 3.0 +/- 0.12 )xL CO2 -hr 
pupa ' (standard error); 24 hrs. 2.03 +/- 0.06; 48 hrs. 1.48 +/-0.07; 72 hrs. 1.84 +/- 0.07 . 
Normoxia: 0 hrs. 5.47 +/- 0.30; 24 hrs. 1.43 +/- 0.02; 48 hrs. .82 +/- 0.06; 72 hrs. 1.31 +/- 
0.06. Hyperoxia: 0 hrs. 5.12+/-0.46; 24 hrs. 1.67+/-0.06; 48 hrs. 1.31+/-0.03; 72 hrs. 
1.84+/-0.1. (5-10 pupae/time point/treatment)
The prediction for this experiment was that increasing the amount o f oxygen available 
to the pupa during metamorphosis would increase aerobic respiration. However, my 
observations contradict this. Even at high oxygen levels during metamorphosis, metabolic 
rates still showed a U-shaped curve. I found that there was no difference in CO2 
production at 24, 48 or 72 hours (APF) during metamorphosis, although altering O2 
concentrations did affect the white prepupal stage, where CO2 production dropped during
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hypoxia. Under hypoxia and hyperoxia, carbon dioxide production was highest at the 
beginning o f metamorphosis and depressed later, similar to pupae during normoxia. I 
conclude that pupae are not oxygen limited.
Anaerobic Respiration during Metamorphosis
To further test whether pupae are O 2 limited, I measured the presence o f lactate 
throughout metamorphosis. If  oxygen were limited, pupae could undergo anaerobic 
respiration where pyruvate is converted to lactate instead o f entering the aerobic 
tricarboxylic acid cycle (Figure 2.1). I measured lactate levels at different time points (0, 
24, 48 and 72 hours APF at normoxic conditions (Figure 3.2) and 2 hours (Figure 3.3) or 
8 hours anaerobic conditions (Figure 3.4) during metamorphosis to find out if anaerobic 
respiration causes the decline in carbon dioxide production during metamorphosis.
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Figure 3.2 Lactate Concentrations of pupae in normoxia.
Pupae were assayed for lactate in normoxic conditions. Lactate measurements were made 
at 0 hrs, (white prepupal stage), 24 hrs, 48 hrs or 72 hours APF. Lactate was detectable 
only at 72 hours: 6.5 +/- 1.2 nmol (n = 8/treatment).
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Figure 3.3 Lactate Concentrations in pupae after 2 hours of anoxia.
Pupae were assayed for lactate after 2 hours o f being held in a nitrogen chamber at 2 hrs, 
(white prepupal stage), 26 hrs, 50 hrs or 74 hours. At 2 hours, the level o f lactate is 
significant. At 26 and 50 hours lactate levels are the lowest suggesting that the amount of 
lactate present after treatment is directly correlated to metabolic rate because metabolic 
rates are low at 26 and 50 hours during metamorphosis at 25°C. 2 hours: 104 +/- 4.8 
nmol, 26 hours: 28 +/- 0.8 nmol, 50 hours: 11 +/- 2.5 nmol, 74 hours: 21 +/- 1.4 nmol (n 
= 8/treatment).
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Figure 3.4 Lactate Concentrations in pupae after 8 hours of anoxia.
Pupae were assayed for lactate concentrations after 8 hours in a nitrogen chamber at 8 
hrs, 32 hrs, 56 hrs or 80 hours. Again, lactate at the white prepupal stage is the highest 
and lowest at 32 hours again suggesting that lactate production is correlated with overall 
metabolic activity. 8 hours: 79 +/- 6.4 nmol, 32 hours: 35 +/- 5.3 nmol, 56 hours: 45 +/- 
1.8 nmol, 80 hours: 48 +/- 4.0 nmol (n = 8/treatment).
From Figure 3.2 it can be seen that when pupae are in normoxic conditions, they are 
not producing lactate. It can be inferred from this that pupae are not undergoing 
anaerobic stress as lactate is the prominent byproduct o f anaerobic respiration in 
Drosophila (Feala et al. 2007). To test if pupae are capable o f anaerobic respiration 
during metamorphosis, animals were exposed to two different timed exposures to 
nitrogen in order to induce anaerobic respiration. In both 2 hours and 8 hours o f
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anaerobic conditions, pupae were able to produce lactate and at different levels 
depending on their age and how long their exposure lasted. It can be seen that when 
metabolic rates are highest during metamorphosis (at the beginning and end) pupae can 
produce a substantial amount of lactate probably because of the already high metabolic 
rate causing a high substrate utilization (Figure 2.1) and thus higher lactate 
concentrations.
To test whether anaerobic metabolism is capable of supporting the metabolic needs of 
pupae during metamorphosis, I investigated the effects o f an 8  hour anoxia treatment on 
development. Pupae either had no anoxia treatment (normoxic) or 0, 24, 48 or 72 hour 
old pupae (AFP) were exposed to 8 -hours of anoxic and then were allowed to recover. 
Pupae were monitored visually and staged according to criteria of Bainbridge and 
Bownes (Table 1.1) every few (1-12) hours. Raw data Appendix 11.
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Figure 3.5 Anaerobic conditions for 8 hours and development throughout 
metamorphosis.
For pupae in normoxia, the average eclosion time was 95 +/- 1.5 hours (n=10). Pupae that 
underwent 8  hours o f anoxia treatment at either 24, 48 or 72 hours APF took an average 
o f 108 +/- 2.7 hours to eclose (24 hours: 109.5 +/- 3.4 hours (n=13), 48 hours: 108.2 +/-
2.7 hours (n=12) and 72 hours: 108.7 +/- 2.2 (n=10). If  pupae underwent the 8  hour 
anoxia treatment at the white prepupal stage ( 0  hours) the average eclosion time was 
105.5 +/- 2.9 hours. Anox.= 8  hour anoxic period.
Citrate Synthase Activity during Metamorphosis
Next, 1 tested for aerobic metabolic potential using a citrate synthase assay. 1 
measured the activity o f citrate synthase, the first enzyme in the TCA cycle, to quantify 
the number o f mitochondria present.
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Figure 3.6: Citrate synthase activity during metamorphosis
Enzyme activity is lowest in the middle of metamorphosis, at 48 hours, and is highest at 
the white prepupal stage and even higher at 96 hours, just before eclosion. 0 hrs; 10.7 +/-
1.7 nmol; 24 hrs: 4.4 +/- 0.3 nmol; 48hrs: 3.1 +/- 0.8 nmol; 72hrs: 13.3 +/- 2.0 nmol; 
96hrs: 20.6 +/- 2.1 nmol.
Citrate synthase activity was high in the beginning of metamorphosis (0 hours), 
decreased at 24 hours and 48 hours (not statistically significant from 24 to 48). At 72 
hours APF, enzyme activity increased significantly and was highest just before eclosion 
at 96 hours. Citrate synthase was assayed in this experiment because it is an indicator of 
the amount of mitochondria present. It can be inferred that mitochondrial numbers 
declined in the first half o f metamorphosis and increased in the second half.
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Discussion
In this chapter I have shown that the U-shaped metabolic curve o ï Drosophila 
metamorphosis is not due to an oxygen limitation, and anaerobic respiration is not 
occurring. Gas exchange in insects is almost exclusively determined by the tracheal 
system (Kaiser et al. 2007). Figure 1.2 shows that the tracheal system changes 
significantly during metamorphosis, which suggests this could cause the U-shape in 
metabolism. However, when oxygen levels were increased to 40%, metabolic rates still 
dropped in the same way that they did during normoxia. If  oxygen limitation was the 
cause o f the U-shape, metabolic rates would not have decreased. Instead, they would 
have increased (to an uncertain degree) because more oxygen would have been available 
to the pupa.
Further confirming that an oxygen limitation is not the cause o f the U-shaped curve, 
pupae are not undergoing anaerobic metabolism under normal conditions during 
metamorphosis, as indicated by the absence o f lactic acid. It can be seen that pupae are 
capable o f anaerobic metabolism by the fact that Nz exposure for 2  hours and 8  hours 
both cause pupae to produce lactate as anaerobic byproduct. Interestingly, an 8  hour 
exposure to N% delayed development, with the most significant increases in 
developmental time being seen when the exposure was done at 24, 48 or 72 hours APF. 
At the white prepupal stage, this treatment caused a shorter development delay. With all 
o f the different times o f treatment, however, it is clear that an 8 -hour period o f anoxia 
does not support normal development as shown by a 10-13 hour delay in development 
time. This further confirms that pupae are not oxygen limited because when oxygen is 
reduced, development does not occur as it would in normoxic conditions.
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Based on work involving Manduca sexta and Tenebrio molitor which confirm the U- 
shaped metabolic curve in holometabolous insects, the shape o f the curve has been 
hypothesized to be due to the destruction o f the larval tissues in the first half of 
metamorphosis and the building of the adult tissues during the second half and the 
associated metabolic rates for each o f these occurrences (Odell 1998). I have compiled 
much o f the literature available on time o f histolysis, imaginai disc proliferation and 
development, and muscle development in D. melanogaster in Figure 3.7.
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Figure 3.7 Morphological changes that occur during metamorphosis.
These ehanges are hypothesized to eontribute to the overall metabolie ehanges that can be 
seen during metamorphosis. Ant. Segm. (Anterior Segment); L. sal. glands (larval 
salivary glands); i.f.m. (Indireet flight musele).
The purpose o f Figure 3.7 is to elueidate what is happening at the tissue level. 
Histolysis o f larval tissues oeeurs in the first 24 hours, eonsistent with the decreases in 
metabolic rate and citrate synthase activity, followed by morphogenesis o f  adult tissues.
Various hypotheses have arisen as to why this U-shaped metabolie curve is present 
during metamorphosis. Odell suggests that the meehanistie basis o f this curve ean be 
attributed to the histolysis o f larval tissues, that may produee the initial deeline in oxygen
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consumption by directly reducing the mass o f metabolically active tissue (Odell 1998). 
Wolsky (1938) suggests that the eourse o f the curve is correlated with the amount o f the 
activity o f the Warburg-Keilin system o f ‘Atmungsferment’ and cytochrome (now known 
as the mitochondria) and that either a part o f this system is first destroyed (possibly 
during histolysis) and subsequently rebuilt during the second half o f metamorphosis, or 
else respiratory poisons, which partially inactivate the enzyme system, accumulate 
gradually at the beginning and later are gradually removed. On another biochemical 
basis, Agrell assumed that the U-shape is, to a certain degree, connected with variations 
in the activity o f the dehydrogenase systems (Agrell 1947).
Some contradictory evidence has also arisen to Odell’s hypothesis. Needham 
proposes “the change in O2 uptake represents complete histolysis followed by new tissue 
differentiation.. .eannot be true” simply beeause histolysis is already complete by the 
time metabolic rates decrease and imaginai struetures have already begun to differentiate. 
(Needham 1942). However, my data suggest that this is not true, because histolysis 
actually fits well with the drop in metabolic rates. All or most of histolysis occurs within 
the first 24 hours o f metamorphosis (Table 1.2; Figure 3.7). Another hypothesis is that 
because the midgut has no anaerobic capacity this decline in aerobic metabolism is 
accompanied by a decline in energy-demanding processes such as active ion transport 
(Chamberlin 2007).
The most likely reason that metabolic rates are U-shaped during metamorphosis is the 
fact that histolysis, which directly reduces metabolically active tissues, is occurring in the 
first 24 hours o f metamorphosis and metabolically active tissues such as abdominal, 
direct and indirect flight muscles are being built in the second half (36-96 hours) (Table
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1.4). As these adult tissues are built, the energetic requirement to maintain these new 
tissues would be higher.
To further investigate whether the decrease and increase in metabolic rates is a result 
o f decreasing and increasing metabolically active tissues, I would use Drosophila 
mutants with muscle development abnormalities. Indirect flight muscles constitute one 
half o f the thoracic volume so it would make sense to use mutants with indirect flight 
muscle development defects. Heldup is a mutant wherein specific isoforms o f Troponin-I, 
a protein that regulates actin-myosin interactions, are not synthesized because of a splice 
junction defect (Barthmeier and Fyrberg, 1995). This mutant’s flight muscles fail to 
develop and only spheroidal muscle remnants can be discerned in 60-hr pupae or newly 
eclosed adults (Barthmeier and Fyrberg 1995). Indented thorax mutants have a single 
amino acid change in Troponin-T which causes normal muscle development until early 
adulthood when fibers become contractile (Barthmeier and Fyrberg 1995). 1 would 
administer the citrate synthase assay to these pupae and adults to see whether or not 
citrate synthase levels are in fact a good reflection of muscle development and 
subsequent aerobic activity.
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CHAPTER 4 
CONCLUSIONS
From a metabolic standpoint, the metabolic drop during metamorphosis is so unique 
that it has drawn various investigation over the last 90 years. With the amount of 
development that occurs during insect metamorphosis, the fact that metabolic rates are U- 
shaped during metamorphosis is eounterintuitive.
In Drosophila melanogaster, metabolic rates during metamorphosis are U-shaped. In 
this thesis, I have eonfirmed the observation o f depressed metabolic rates during 
metamorphosis and I have also altered the cost of metamorphosis by ehanging the 
incubation temperature at which pupae develop. Temperature affects developmental time 
and how much energy it takes to develop. At a higher temperature, 29°C, pupae develop 
faster, which leads to an eclosion time that is shorter than pupae at 25°C. At this 
temperature, pupae have a higher energetic cost o f metamorphosis that can be seen by a 
higher production o f carbon dioxide over the duration o f metamorphosis, as well as the 
amount o f energy required to metamorphose. When pupae are incubated at 18°C, they 
develop slower. At 18°C, pupae have a higher energetic cost than pupae at 25°C, as can 
been seen by a higher overall production o f carbon dioxide as well as a higher energetic 
requirement. Given the three temperatures that I used to incubate pupae, the optimal 
temperature for metamorphosis is 25°C because it is less energetically costly than 29°C
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and 18°C. Normally, high temperatures inerease metabolie rates and therefore would 
increase the cost o f development. In this case, 29°C did increase the cost of development 
but interestingly, lower temperatures, I 8 °C also inereased the cost o f development. So, 
not only is metamorphosis more energetieally costly at high temperatures but also at low 
temperatures. At 18°C, metabolie rates are lower in the early and late stages, but beeause 
it takes twice as long to develop, the overall eost o f development is inereased.
When temperature is shifted, pupae still develop at the same relative rate. By staging 
all pupae for all temperature-shifted groups throughout metamorphosis and by sealing 
developmental time to pereent development, I observed that temperature has proportional 
effeets on development because all o f the developmental stages require the same fi-action 
of developmental time.
Proteins and carbohydrates are slightly depleted during metamorphosis (only 
significantly at 29°C), while triglycerides are the most prominent source o f energy with 
one o f the most prominent sources being the larval fat body. This result is consistent with 
work by Bodenstein (1950).
Oxygen limitation is not the eause of the metabolic U-shaped curve. Even when 
oxygen levels are increased to 40%, pupae still show a drop in metabolie rates that would 
not be expected if pupae were limited by oxygen. Anaerobie respiration does not oecur 
under normal eonditions during metamorphosis. However, when pupae are plaeed under 
anaerobie conditions, anaerobic respiration takes plaee, and laetate is produeed.
Citrate synthase levels deeline and inerease during metamorphosis. This shows that 
mitochondria numbers are deereasing and increasing during metamorphosis. This may be
74
the most probable explanation for why metabolic rates are U-shaped during 
metamorphosis.
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APPENDIX I: ASSAY PROTOCOLS 
Macronutrient Assay Protocols
Protein Assay 
Reagents:
Dye (store in frig; good for only 1 week) NOTE: make solution in disposable plastic ware 
1 part 4% CUSO4  + 49parts Bicinchoninic Acid 
Standards (store at -20°C in 500 pi aliquots)
STD/1 Oui stock soln (0.5 mg/ml) H 2O
0 0 . 0 500ul
0.5ug 50ul 450ul
l.Oug lOOul 400ul
1.5ug 150ul 350ul
2 ug 2 0 0 ul 300ul
3ug 300ul 2 0 0 ul
4ug 400ul lOOul
Homogenization
Using battery-powered pistol and mortar, grind pairs of animals in 1.6 ml eppendorf 
tubes with 120 pL lysis buffer (1.0% NP-40, 0.5% deoxycholic acid, 0.1% Triton-X 100, 
100 mM NaCl, 0.1 mM CaCh, 2 mM MgCb, pH 7.6).
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Incubate 70°C for 5 minutes
Centrifuge at 704g (3000 rpm) for 5 minutes in an Eppendorf Centrifuge (model 581 OR).
Collect supernatant with pipette into 1.5 ml eppendorf tubes
Dilution
1. 1 larva or NEA/60ul
2. wpp/60 pi 12-fold (5 pi spn +55 pi o f H2 O)
Procedure
1. Pipette 10 pi o f diluted supernatant in triplicate into microwell plate
2. Pipette 10 pi of standards in duplicate
3. Pipette (using multi-pipette) 200 pi of dye mixture to each well, mix
4. Incubate covered 0 /N  at room temp (23°C)
5. Next day, incubate for 15 min at 37°C mix for ~ 15-30 s on plate reader before reading.
6 . Read at 562 nm
Glycogen Assc^
Reagents
Amyloglucosidase -  make fresh (200ul for standard in triplicate)
Mix 0.8 mg/ml in H2O (doesn’t go completely into solution)
Standards (store at -20°C in 500ul aliquots)
Make glycogen standard from 0.3mg/ml stock solution (store at -20°C)
0.05mg/ml; O.lOmg/ml; 0.15mg/ml; 0.20mg/ml; 0.25mg/ml and 0.30mg/ml 
lOul volume Oug; 0.5ug; l.Oug; 1.5ug 2.0ug, 2.5ug; and 3ug.
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Infinity glucose reagent (Store in frig)
Homogenization (same as protein procedure)
Dilution
1. 1 larva or NEA/60ul
2. wpp/60ul 4-fold dilution (15ul spn + 45ul of H2 O)
Procedure
1. Pipette 10 pi of diluted supernatant in triplicate in microwell plate
2. Pipette 10 pi of standards in duplicate
3. Pipette (use multipipette) 10 pi of amyloglucosidase to each well.
4. Mix plate by tapping.
5. Incubate in plastic bag 0/N  at rm temp (25°C)
6 . Next day add 200 pi of Infinity glucose reagent to each well
7. Mix plate by tapping and leave for lOmin at 37°C
8 . Read at 340 nm on plate reader
Triglyceride Measurements 
Ether Extraction
1. Dry animals in oven at 50°C overnight
2 . take dry weight using microbalance (after calibration)
3. place animals in pre-marked glass 1 ml glass vials with screw cap in approximately 
200 pi ether for 48 hours.
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4. take dry weight using microbalance
5. subtract final weight from initial weight to obtain lipid mass
84
Lactate Assay Protocol fo r  Drosophila Using Pointe Scientific Lactate kit 
7% PCA (perchloric acid)
5 mM K2CO3
Standard concentrations; 0, 25, 50,100,150, 200, 250 nmol lactate 
Samples:
Grind 5 pupa/flies in 100 pi 7% PCA in Eppendorf tube
Centrifuge at 10000 rpm (7,826 g) at 4°C 10 minutes 
Collect supernatant
Add 10% 5 mM K2CO3 15 pi slowly— let bubble, flick.
Centrifuge again at 10000 rpm at 4°C 10 minutes
Add 20 pi o f supernatant to each well in triplicate
Add 20 pi standards to wells in duplicate
Add reagent 1: 150 pi to each well 
Incubate at 37°C 30 seconds
Add reagent 2: 100 pi to each well
Read on plate reader at 550 nm
Citrate Synthase Assay
Grind 5 pupae in homogenization buffer consisting of 100 mM phosphate buffered saline 
(PBS) and 2 mM ethyl-enediamine tetraacetate (EDTA), pH 7.3.
Centrifuge at 15339g at 4°C, and collect supernatant in chilled 1 ml eppendorf tubes.
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Reaction mixture contains:
30 nl sample
100 pi 1 MTrs-HCL, pH7.5,
10 pi 0.2 M EDTA,
10 pi 0.01 M 5, 5'-dithiobis-(2-nitrobenzoic acid) (DTNB),
10 pi 0.02 M Acetyl-CoA,
10 pi 0.05 M oxaloacetate 
830 pi H20.
Read on Shimadzu PharmaSpec UV-1700 UV-visible spectrophotometer in a 
temperature-controlled specialized cell.
CS activity was measured by monitoring the absorbance at 412 nm. The slope was 
calculated from the most linear data range, see following example:
0.6  ■-
0.5
- 7 2  h i  
- 7 2 h 2  
- 7 2 h 3  
72 h 4
0.4
0.3 -
0.2
seco n d s
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APPENDIX II: ANOXIC DEVELOPMENT DATA
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